Using a subset of the relative vorticity maxima (VM) tracks described in Part I, large-scale environmental fields, cold cloud area, and rainfall area are used to discriminate between developing and nondeveloping tropical disturbances in the eastern North Pacific (EPAC) and Atlantic Oceans. By using a minimum cold cloud coverage requirement, the nondeveloping VM are limited to disturbances with enhanced low-level relative vorticity and widespread deep convection. Linear discriminant analysis is used to determine the overall discrimination and the relative importance of each predictor for each basin separately. It is important to distinguish the two basins because, for many predictors, the differences between the basins are greater than the differences between developing and nondeveloping VM in each basin. Using the parametric forecast method, there is greater discrimination and prediction skill in the EPAC than in the Atlantic. There are also significant differences between the two basins in terms of the degree of discrimination provided by each of the predictors. Surprisingly, the mean vertical wind shear magnitude is greater for EPAC developing VM than for EPAC nondeveloping VM. Incorporating the satellite-derived predictors marginally improves the potential forecast skill in the EPAC but not in the Atlantic. The prediction skill (Heidke skill score) of tropical cyclogenesis in the Atlantic is similar to what has been obtained in previous studies using cloud cluster tracks. There is greater predictive skill in the EPAC.
Introduction
The necessary conditions for tropical cyclone development have been summarized by Gray (1968 Gray ( , 1975 . Tropical cyclones need high sea surface temperatures (SST . 26.58C) and sufficient Coriolis force to develop. A preexisting disturbance with enhanced low-level vorticity and persistent deep convection is also a prerequisite (Ramage 1974; McBride and Zehr 1981; Love 1985; Lee 1989; Davidson et al. 1990; Zehr 1992; Briegel and Frank 1997) . Furthermore, genesis is favored in the presence of a deep moist layer (Emanuel 1986 (Emanuel , 1989 Rotunno and Emanuel 1987; Bister and Emanuel 1997; Dunion and Velden 2004) and small vertical wind shear (Gray 1968; McBride and Zehr 1981) .
Several studies have developed parametric methods to predict tropical cyclogenesis based on the known conducive factors for genesis. Perrone and Lowe (1986) were the first to use linear discriminant analysis (LDA) for predicting whether a cloud cluster will develop into a tropical storm. In their study, tropical depressions were included in the group of developing cloud clusters. Developing cloud clusters were tracked back only as far as the tropical cyclone is identified in the Joint Typhoon Warning Center (JTWC) best track, up to 72 h prior to the storm attaining tropical storm status. Nondeveloping cloud clusters were selected only at times coincident with developing cases. The developing cases were mainly chosen to west of 1658E while many nondeveloping cases were selected between 1658E and the international date line, where genesis is climatically less favored. Because tropical depressions were included in the group of developing cloud clusters, the results of (Perrone and Lowe 1986) do not directly apply for distinguishing between the pretropical depression cloud clusters and nondeveloping cloud clusters. Nevertheless, their study suggested that significant predictive skill can be obtained using LDA. Hennon and Hobgood (2003) employed LDA for forecasting tropical cyclogenesis, the initial formation of a tropical depression. Cloud clusters were tracked up to 48 h prior to their appearance in the best track. Furthermore, nondeveloping clusters are not limited to be coincident with developing clusters. However, as in Perrone and Lowe (1986) there are still geographical differences between the locations of the developing and nondeveloping cloud clusters. For example, in the central and eastern tropical Atlantic (roughly the main development region), the selected nondeveloping clusters are concentrated south of ;98N while most developing clusters occur north of that latitude. Because the methodology of Hennon and Hobgood (2003) is the most similar to that used here, detailed comparisons are made between their results and the results obtained in this study.
In a follow-up study, Hennon et al. (2005) found that the forecast skill could be improved by using a nonlinear neural network analysis in place of LDA. While the optimum skill obtained is comparable to using LDA, greater skill can be obtained over a larger range of decision thresholds than using LDA.
Because of the geographic separation between the developing clusters and many of the nondeveloping clusters in Perrone and Lowe (1986) and Hennon and Hobgood (2003) , the difference in climatological background climatological environment conditions probably influenced their results. In this study we aim to minimize the range of climatological background conditions represented by the nondeveloping disturbances and focus more on the differences between developing and nondeveloping disturbances subject to the same climatological environment conditions. In this study, the analysis is restricted to the main development regions of the Atlantic and eastern North Pacific (EPAC) Oceans. This is the first time that LDA has been used to compare and contrast the conditions associated with tropical cyclogenesis in two contradistinctive basins. This paper follows the spirit of McBride and Zehr (1981) , Perrone and Lowe (1986) , and Hennon and Hobgood (2003) . Discrimination is sought between developing and nondeveloping disturbances. The disturbance tracks used in this study are a subset of the tracks of 97 low-level vorticity maxima (VM) and 615 lowlevel nondeveloping VM, which are presented in Kerns et al. (2008, hereinafter Part I) . The VM are temporally and spatially more coherent than cloud clusters. They can often be backtracked prior to genesis farther than cloud clusters. In addition to the large-scale analysis fields, bulk measures of cold cloud area and rainfall area are also considered as additional predictors to test whether they improve the prediction skill of the LDA. The motivating science questions are as follows:
1) To what extent can developing and nondeveloping vorticity maxima be distinguished using large-scale analysis and satellite data?
2) How much discrimination is obtained using the satellite-derived predictors versus the large-scale predictors? 3) When the satellite-derived predictors are considered together with the large-scale predictors, does greater overall discrimination result? 4) What differences exist between the Atlantic and EPAC in terms of the degree of discrimination and which factors are most important for the overall discrimination?
The next section describes the data and methods used in this study. Results are given in section 3. Further comparisons between this study and previous studies are presented in the discussion in section 4. Conclusions are given in section 5.
Data and methods

a. Tropical cyclone best track
In this study, tropical cyclogenesis refers to the initial formation of a tropical depression according to the National Hurricane Center (NHC) HUDRAT database, also referred to as best track. The HURDAT database contains 6-hourly coordinates of the centers of storms that attained at least tropical storm intensity.
b. Vorticity maxima tracks
Part I presents the tracks of 97 low-level developing VM and 615 low-level nondeveloping VM over the Atlantic and EPAC for June-October 1998-2001. Disturbances are tracked manually as low-level (925-850 hPa) and midlevel (700-600 hPa) relative vorticity maxima. The tracks are derived from the 40-yr European Centre for Medium-Range Weather Forecasts (ECMWF) ReAnalysis (ERA-40; Uppala and Coauthors 2005) at 1.1258 resolution. A bandpass filter in time and spatial Gaussian smoothing are applied before tracking to isolate the time scale of 2.5-10 days and spatial scale of .;500 km. This study uses a subset of 248 (out of 615) low-level nondeveloping VM tracks and 55 (out of 97) low-level developing VM tracks (see Table 1 ), as detailed below.
c. Minimum cold cloud coverage
By inspecting maps of vorticity contours and International Satellite Cloud Climatology Project (ISCCP) cloud-top temperatures it was obvious that many nondeveloping VM are not associated with significant cold cloud area. For the VM that are associated with significant cold cloud coverage, the cold clouds often do not persist through the entire lifetime of the VM. Previous studies that have tracked cloud clusters have guaranteed persistent convection but not strong vorticity. When using VM tracks, it is desirable to screen out the nondeveloping VM without significant cold cloud area because they are not likely to develop regardless of how favorable the environment might otherwise be. Accordingly, a threshold of 10% coverage of cloud tops below 270 K within a 78 radius (CC270 . 0.1) has been used to define nondeveloping CONV VM, which are associated with significant convection. All developing VM that occurred in the study period and region meet the cold cloud area threshold.
The relatively warm 270-K brightness temperature threshold is chosen to include time periods in between convective maxima. At these times the areal coverage of 235-K clouds (CC235) can be only a few percent, and after 6-12 h large areas of 235-K cloud tops (CC235 . 0.25) develop associated with the next convective blowup. In contrast, when there is not a subsequent convective blowup, CC270 falls below the 10% threshold, and the VM is no longer considered to be a developing CONV VM.
It is necessary to use the relatively large radius of 78 mainly because of the location errors of storms in the ERA-40. For mature hurricanes, center position errors of 18-38 are common, and the center location errors are expected to be larger for weaker disturbances (see Part I). Furthermore, at the early stages of development convection is not necessarily concentrated near the center of the vorticity maximum. Based on inspection of many individual cases, the 78 radius is large enough to include the convection associated with the disturbance of interest with minimal overlap with the convection associated with the neighboring disturbances.
d. Subsets
This study focuses on the differences between two subsets of VM: 1) nondeveloping CONV are defined as nondeveloping VM with CC270 . 0.1 and SST . 26.58C, 1 2) developing PRE are defined as developing VM 6-48 h before genesis.
The sample sizes-both the number of 6-hourly samples and number of individual tracks represented-are given in Table 1 . Figure 1 shows the locations of the VM.
e. Large-scale predictors
The large-scale predictors are calculated from the ERA-40. For most predictors an area average is used, as specified for each predictor in Table 2 . The sensitivity to the choice of radius has been considered by experimenting with different radii, and the conclusions do not seem to be sensitive to the radius used. The predictors are chosen a priori and are defined in Table 2 . However, the LDA calculation uses only predictors that gave statistically significant discrimination between the group means at or above the 99% level. Gray (1968) and McBride and Zehr (1981) have suggested that near zero shear over the western North Pacific and western Atlantic cloud clusters is favorable for tropical cyclogenesis. In their calculations, shear is defined as the scalar difference of zonal and meridional wind vector components. However, more recent studies as well as operational practice tend to focus on the magnitude of the shear vector. In the Statistical Hurricane Intensity Prediction System (SHIPS; DeMaria and Kaplan 1994, 1999; DeMaria et al. 2005) , shear is defined as the magnitude of the 850-200-hPa wind vector wind difference averaged over a 200-800-km radius. Additionally, Perrone and Lowe (1986) include the shear magnitude between 950 and 200 hPa as a predictor in their developing versus nondeveloping linear discriminant analysis calculations.
For the shear calculation, an attempt has been made to remove the storm circulation using the SHIPS 1997 ''Laplacian filter'' (DeMaria and Kaplan 1999). However, there is no significant increase in the discrimination. In SHIPS 1997, it is helpful to remove the storm circulation because the location of the storm in the analysis often disagrees with the actual or forecast storm location. Otherwise, the shear value would be influenced by the outflow from the mislocated storm in the analysis. Removing the storm circulation probably does not affect the results in this study because the disturbances of interest are not strong enough to have welldeveloped upper-level outflows.
Horizontal composite maps of shear are also constructed on a 58 grid centered at the low-level VM center and extending 158 out in each direction, following Gray (1968) and McBride and Zehr (1981) . For each VM case, the values from ERA-40 in each 58 grid box Developing PRE 198 (35) 115 (20) (wind data are at 2.58 resolution) are averaged. Finally, the median shear values are contoured.
f. Satellite-derived predictors
The satellite-derived predictors considered are ''bulk'' parameters and are not very sensitive to the size and strength of the individual convective systems. Fractional cold cloud coverage from ISCCP (Rossow and Schiffer 1991) and fractional raining area from version 6 of the Tropical Rainfall Measurement Mission (TRMM) algorithm 3B42 (Huffman and Coauthors 2007) are considered as predictors (Table 2 ). These predictors are calculated by averaging over a 78 radius. The 235-K brightness temperature threshold has been used operationally as an indicator of the large-scale convective rainfall (Arkin and Meisner 1987) . The 210-K temperature threshold and the 5 mm h 21 rain rate (on the 0.258 3B42 grid) represent relatively vigorous convection.
Because of the uncertainty in the position of the VM (see Part I), it is desirable to use a relatively large averaging radius. Furthermore, in many cases there are multiple mesoscale convective systems, which can be separated by several hundred kilometers, associated with the storm development (e.g., Ritchie and Holland 1997; Simpson et al. 1997) . Nevertheless, it is likely that some irrelevant convection is included in the statistics.
g. Statistical significance
Each 6-hourly VM position is treated as an independent sample member. Developing PRE and nondeveloping CONV VM are considered to be two mutually exclusive groups, which are subsets or classes of the sample of VM. No. of consecutive 6-hourly periods with CC270 . 0.10
The t statistic, a measure of the statistical significance of the difference in the means of the two groups, is used to determine which predictors give statistically significant differences in the mean predictor values, taking into account the sample standard deviation and sample size. The t statistic for parameter X is defined as
In Eq.
(1), the subscripts 1 and 2 refer to the developing PRE and nondeveloping CONV groups, respectively. The overbars represent the group means. The group sample sizes are n 1 and n 2 . The sample sizes are reduced to one-third of the whole sample size to account for the autocorrelation associated with consecutive sample elements belonging to the same VM track. The effective degrees of freedom, [(1/n 1 ) 1 (1/n 2 )] 21 , are 35 (52) for the Atlantic (EPAC). Finally, S X 1 X 2 denotes the standard deviation, which is assumed to be equal for both groups.
The statistical significance level (or p value) can be obtained from the t statistic via the Student's t-test theoretical distribution function. For calculating the statistical significance, a one-sided t test is used with the null hypothesis that the sample means are the same for the developing PRE and nondeveloping CONV samples.
h. Linear discriminant analysis
LDA is a statistical technique used to classify a set into one of two predefined binary groups. A training set, for which the classification is already known, is used to objectively determine the discriminant function. The discriminant function is the linear combination of predictors that gives the greatest overall separation in the group means. To make an independent future prediction, the discriminant function derived from the training set would be evaluated using the observed predictor values. Based on the developing PRE and nondeveloping CONV distribution of discriminant function values, the probability that the independent case is a developing PRE case, the posterior probability, can be determined. The predicted class assignment is based on a specified threshold of posterior probability, called the decision threshold.
In this study, LDA is carried out using the predictors that give a separation in the means of developing PRE and nondeveloping CONV that is significant at or above the 99% level. LDA calculations have been carried out separately for the EPAC and Atlantic VM. Therefore six different LDA calculations have been done. The LDA calculations considered, separately for the Atlantic and EPAC are as follows:
1) large-scale and satellite-derived predictors: DGP, VO925, DIV925, DIV200, SH, Q_MID, CC235, CC210, RR0.1, and RR5; 2) large-scale predictors only: DGP, VO925, DIV200, DIV, SH, and Q_MID; and 3) satellite-derived predictors only: CC235, CC210, RR0.1, and RR5.
The R statistical package (Everitt 2005; Crawley 2005 ; more information is available online at www.r-project. org) has been used to make the LDA computations. The prior probabilities are taken to be the relative frequency of each class.
To evaluate the performance of the LDA, leave-oneout cross validation (i.e., the jackknife method) is used to derive several standard skill scores. The discriminant function is recomputed multiple times leaving out a single sample element, and the LDA classification of that case is compared with the true classification. The results of cross validation depend strongly on the decision threshold. Cross validation is carried out for the range of decision thresholds from 0.0 to 1.0, every 0.05.
To calculate the skill scores, a contingency table of the following form:
is first constructed. In the contingency table, class 1 refers to developing PRE and class 0 refers to nondeveloping CONV. The variable a is the number of nondeveloping CONV cases correctly identified, and b is the number of nondeveloping CONV cases misclassified as developing PRE. Likewise, c is the number of developing PRE cases misidentified as nondeveloping CONV, and d is the number of correctly identified developing PRE cases. The cross-validation results are used in the calculation of three skill scores: the probability of detection (POD), false-alarm rate (FAR), and the Heidke skill score (HSS). The skill scores are defined as follows:
FAR 5 b a 1 b , and
The POD represents the probability that a developing PRE VM would be classified correctly using all the other cases. The FAR represents the fraction of nondeveloping CONV cases misclassified as developing PRE. For perfect forecasts, the POD would be 1 and the FAR would be 0. The HSS is a combination of the POD and FAR. It is a measure of the improvement of forecast skill over random forecasts and is a useful skill score for rare events like tropical cyclogenesis (Marzban 1998) . Random classifications give HSS 5 0, and perfect classifications result in HSS 5 1. For each LDA calculation, the relative importance of each predictor has been assessed by calculating its correlation with the discriminant function, following Hennon and Hobgood (2003) . Predictors that are more highly correlated with the discriminant function are more important contributors to the overall discrimination.
Results
The group means and standard deviations for the developing PRE and nondeveloping CONV VM samples are presented in Tables 3, 4 , 5, and 6.The statistical significance from the t test is noted by symbols in the tables.
a. Large-scale predictors 1) DAILY GENESIS POTENTIAL McBride and Zehr (1981) have shown that an environment of low-level cyclonic vorticity and upper-level anticyclonic vorticity, summarized as the daily genesis potential (DGP), is a strong indicator of tropical cyclogenesis. Easterly waves, which are responsible for the majority of tropical cyclones in the Atlantic (Landsea 1993) and EPAC (Frank and Clark 1980; Avila and Pasch 1992) appear as inverted troughs in the easterlies and are associated with enhanced synopticscale relative vorticity.
As expected, the mean developing PRE DGP is significantly higher than the median nondeveloping CONV DGP for both the EPAC and Atlantic (Tables 3  and 4) (Table 3) . Nevertheless, the mean shear values themselves are relatively low. Strong shear may inhibit genesis in the Atlantic in some cases, but under the typical shear conditions experienced by the nondeveloping CONV VM, vertical wind shear may not be a strong indicator of nondevelopment. In fact, for many developing cases, weak-to-moderate vertical shear can be more favorable for genesis than near-zero shear. Bracken and Bosart (2000) , using a shear calculation similar to SHIPS, found that nonzero vertical shear is necessary in many cases to promote quasigeostrophic large-scale uplift, which may enhance the chances for tropical cyclogenesis.
In sharp contrast to the Atlantic, the EPAC mean shear magnitude is higher for the developing VM than for the nondeveloping VM (Table 4) . These puzzling results suggest that the importance of the magnitude of environmental shear for genesis may be fundamentally different for the Atlantic than for the EPAC. While it is not obvious why the EPAC should be different from other basins, we note that no previous study has dealt with the difference between developing and nondeveloping environments, following the disturbances, specifically for the EPAC.
Why is the magnitude of the vertical wind shear positively associated with genesis in the EPAC but not in the Atlantic? A partial explanation is obtained by considering the shear vector as a whole rather then just the magnitude. For the Atlantic the mean shear vectors are 4.3i 1 0.46j and 0.95i 1 0.62j for nondeveloping CONV and developing PRE, respectively. For the EPAC the mean shear vectors are 23.8i 1 (22.4j) and 27.3i 1 (24.0j) for nondeveloping CONV and developing PRE, respectively. In both the EPAC and Atlantic, the wind shear tends to be directed more easterly for developing PRE VM than for nondeveloping CONV VM. In the idealized model study by Tuleya and Kurihara (1981) , an environment of moderate easterly shear (approximately 8-15 m s 21 ) is the most favorable situation for genesis, all other factors equal. Under moderate easterly shear the upper-level warming is able to couple more readily with the surface low pressure center. In the EPAC, the developing PRE easterly shear component is similar to the optimum easterly shear in the study of Kurihara and Tuleya (1981) . For the Atlantic, in contrast, the nondeveloping CONV mean shear is westerly, and the developing PRE mean shear vector has a magnitude closer to zero. Because shear magnitude does not distinguish between easterly shear and westerly shear, the developing PRE shear magnitude is stronger in the EPAC but weaker in the Atlantic, compared with the nondeveloping CONV shear magnitude.
The composite zero lines of shear are nearly identical for the nondeveloping CONV and developing PRE subsets (Figs. 2 and 3) . In the Atlantic, zero lines of both shear components cross the VM center for the developing PRE subset, but they also do for the nondeveloping CONV subset (Fig. 2) . In fact, the locations of the zero lines of shear in the composites are nearly identical for developing PRE and nondeveloping CONV. In the EPAC, the composite zero lines of zonal (meridional) shear pass north (northwest) of the VM center (Fig. 3) .
For the EPAC and Atlantic, there are consistent differences between the developing PRE and nondeveloping CONV composite mean vertical wind shear north and south of the VM center. In particular, the easterly shear 28-88 south of the VM center is stronger for the developing PRE VM than the nondeveloping CONV VM (Figs. 2a,b and 3a,b) . In the EPAC (Atlantic), composite easterly shear reaches 15 m s 21 (7 m s 21 ) for the developing PRE subset versus 10 m s 21 (4 m s
21
) for the nondeveloping CONV subset. The greater easterly shear magnitude of developing PRE VM in the EPAC reflects greater easterly zonal shear to the south of the VM. Vertical shear is not more easterly everywhere surrounding the VM center. All other things equal, if the low-level westerlies increase south of the disturbance, the vertical shear south of the disturbance will be more easterly. The zonal shear component is more westerly to the north of the VM center in developing PRE VM, although the largest differences are outside of the 88 radius used for the shear calculation. Unlike in Gray (1968) and McBride and Zehr (1981) , there is no significant difference between developing PRE and nondeveloping CONV in terms of the locations of the zero lines of composite zonal (Figs. 2a,b and 3a,b) and meridional (Figs. 2c,d and 3c,d ) shear components. This may be because of the inability of ERA-40 to resolve the details of the circulation patterns near the disturbance center. Another possible explanation is that the zero lines may pass over the cloud clusters, but the cloud clusters are not necessarily collocated with the maximum disturbance vorticity.
3) MIDLEVEL MOISTURE
The midtroposphere tends to be moister for the developing VM than for nondeveloping CONV VM in both basins (Tables 3 and 4 ). The EPAC is moister overall. , which is significantly greater than the developing PRE group mean Q_MID of 4.63 g kg 21 in the Atlantic. However, the amount of discrimination using Q_MID is greater in the Atlantic than in the EPAC. The Atlantic is a drier environment overall, and it is more likely that midlevel moisture content would limit tropical genesis in the Atlantic than in the EPAC. More moisture preconditioning is needed prior to tropical cyclogenesis in the Atlantic than in the EPAC, which is climatologically moister than the Atlantic.
b. Cold cloud area and rainfall area
In addition to the environment predictors, satellitederived bulk measures of coldcloud area (CC235, CC210) and rain area (RR0.1, RR5) can be used to discriminate between developing PRE and nondeveloping CONV VM. The fractional coverages in Tables 5 and 6 may seem surprisingly small because the area within the 78 radius is much greater than the size of a typical MCS or tropical cyclone. To put the values in perspective, the minimum cloud cluster size of Hennon and Hobgood (2003) (48 diameter) would cover 8% of the 78 radius area, giving a fractional coverage of 0.08. The mean CC235 and RR0.1 (CC210 and RR5) are larger (smaller) than this for both basins.
For the satellite-derived predictors, the difference in the group means is larger for the EPAC than the Atlantic. However, the fractional coverages of cold cloud areas and raining areas are also consistently higher for the EPAC (Tables 5 and 6 ). For example, while the Atlantic nondeveloping CONV mean value of CC235 is 0.08, the EPAC nondeveloping CONV mean value of CC235 is 0.14-nearly twice the Atlantic value. Similarly large EPAC versus Atlantic differences can be seen in the other satellite-derived predictors.
For the 210-K cloud-top temperature threshold and the 5 mm h 21 rain-rate threshold, the area distributions are strongly affected by how many samples have zero area, especially in the Atlantic. For example, only 7 developing PRE cases have CC210 of zero while 298 nondeveloping CONV cases do. Therefore, it can be concluded that Atlantic VM with little or no 210-K cold cloud area (at 0.258 resolution) are unlikely to develop. In the EPAC cloud tops of 210 K are more common than in the Atlantic, and there are not many VM (developing or nondeveloping) with CC210 of zero. If a colder temperature threshold were to be used in the EPAC, it is likely that many nondeveloping VM would have zero area. It may be advantageous in a future study to use lower brightness temperature thresholds in the EPAC because of greater environmental tropopause heights.
c. Discriminant analysis
1) CROSS VALIDATION
The linear discriminant analysis technique is effective at generating a discriminant function that distinguishes between developing PRE and nondeveloping CONV VM better than the individual predictors alone. However, as also found in previous studies, there is significant overlap with respect to the large-scale environment, cold cloud area, and rainfall area. A decision threshold must be chosen to predict whether a given FIG. 3 . As in Fig. 2 , but for the EPAC.
sample is a member of the developing PRE or the nondeveloping CONV subset. Setting the decision threshold relatively high will minimize the number of false alarms but decrease the probability of detection. Setting the decision threshold relatively low will maximize the probability of detection and also increase the likelihood of false alarms. Using the HSS is an objective way to choose an optimal decision threshold (Hennon et al. 2005) .
The cross-validation skill scores depend strongly on the decision threshold used (Figs. 4 and 5) . The optimal decision threshold-that is, the posterior probability threshold that gives the highest HSS-depends on which parameters are used in the LDA and also on the region (Table 7) . The optimal thresholds are higher for the EPAC, and for each basin the HSS is higher when more predictors are included.
The LDA calculations in the EPAC are, in general, more skillful than the Atlantic calculations. The HSS is higher over a greater range of decision thresholds in the EPAC (Figs. 4 and 5 ). The greater cross-validation skill scores over a broader range of decision thresholds in the EPAC suggests that a statistical genesis forecast method could have greater skill in the EPAC than in the Atlantic.
Given that conditions are generally harsher for tropical cyclogenesis in the Atlantic, one may expect that the nondeveloping CONV VM occur in harsh environment conditions and are relatively easy to distinguish from developing PRE VM. Instead, the greater discrimination is obtained in the EPAC, where the environment is more likely to be conducive to tropical cyclogenesis. It appears that the strong low-level vorticity maxima with widespread convection in the Atlantic are more likely to occur when the environment is favorable for tropical cyclogenesis than when the environment is hostile for tropical cyclogenesis.
Because of the potential high impact from tropical cyclones, it may be useful to use a decision threshold that results in a high POD at the expense of higher FAR. It is encouraging that significant skill above random guesses exists for decision thresholds lower than optimal in both the Atlantic and EPAC. For example, if a POD of 0.9 were desired, it could be achieved in the EPAC by setting the decision threshold to 0.10 (Fig. 5a ). This would give a FAR of 0.4. In the Atlantic, setting the decision threshold to 0.05 would result in POD 5 0.90 and FAR 5 0.4 (Fig. 4b) . However, in the EPAC the HSS would be 0.3, but in the Atlantic it would be lower than 0.2. Therefore, the improvement in forecast skill relative to random guesses would be greater in the EPAC than in the Atlantic.
Using the satellite-derived parameters in the Atlantic gives relatively low POD (0.26) and HSS (0.18; Table 7 ). In the EPAC, the skill scores are closer to those obtained using only the large-scale predictors. A significant difference between the EPAC and the Atlantic is that the convective-raining area seems to be more intimately related to tropical cyclogenesis than in the Atlantic.
In the Atlantic, there is little positive effect from incorporating the satellite-derived predictors. In contrast, in the EPAC adding the satellite-derived predictors increases the POD by 0.10 while increasing the FAR by only 0.03. Combining the satellite-derived predictors with the large-scale predictors results in significantly greater skill in the EPAC but no significant improvement in the Atlantic. Hennon et al. (2005) obtained an optimal HSS near 0.4 for the 12-and 24-h forecast periods, 0.3 for the 36-h forecast period, and ;0.2 for the 48-h forecast period. In this study, the Atlantic optimal HSS of 0.37 (Table 7) applies to the 6-48-h forecast period. The HSS in this study is smaller than the 12-and 24-h HSS of Hennon et al. (2005) but significantly higher than their HSS at 36-and 48-h lead time. It is expected that the skill decreases with longer forecast lead times. Therefore, there is no fundamental difference in predictive skill between the LDA methodology of Hennon et al. (2005) and the LDA presented here for the Atlantic. Though overall the skill score attained here may seem to be modestly higher than in Hennon et al. (2005) , it should be noted that their verification is based on a different validation method, which may have resulted in lower skill scores than the leave-one-out validation used here. Nevertheless, In the EPAC significantly higher predictive skill can be obtained than in the Atlantic, especially when the satellite-derived predictors are included.
2) IMPORTANCE OF INDIVIDUAL PREDICTORS
How important each predictor is to the LDA is determined using the correlation of each predictor with the discriminant function. VO925 is the parameter most highly correlated with the discriminant function for the EPAC and Atlantic, using both all parameters and large-scale parameters (Tables 8 and 9 ). When only large-scale predictors are used, VO925 dominates the Atlantic LDA. In the Atlantic LDA using large-scale parameters, the correlation between VO925 and the discriminant function is 0.88 (Table 8) . VO925 is more important for the LDA than DGP because the upperlevel anticyclonic vorticity (VO200) is not a strong predictor (Tables 3 and 4 ).
The second-ranking large-scale predictor differs between the Atlantic and EPAC. In the Atlantic, Q_MID is the second-ranking large-scale predictor (Table 8) , probably reflecting the drier and more harsh environment in the Atlantic. In the E PAC the second-ranking large-scale parameter is DIV200 (Table 9 ). DIV200 is the second most important predictor in the EPAC when only large-scale predictors are included.
The satellite-derived predictors that involve the 235-K cloud-top temperature cutoff and the total raining area (.0.1 mm h 21 ) are better correlated with the discriminant function than the predictors using 210 K and 5.0 mm h 21 . When the satellite-derived predictors are included in the Atlantic LDA, RR0.1 is the secondranking predictor (Table 8 ). For the LDA with only satellite-derived predictors, RR0.1 has by far the greatest correlation with the discriminant function. In the EPAC, CC235 is the second-ranking predictor for the LDA with all predictors and the top-ranking parameter with only the satellite-derived predictors included ( Table 9 ). The colder cloud-top temperature (210 K), indicative of more vigorous convection, and the moderate rain rate of 5 mm h 21 have a relatively weaker-but not insignificant-relationship with the discriminant function.
Vertical wind shear plays a minor role in the Atlantic LDA but no significant role in the EPAC. In the Atlantic, vertical shear has the fourth-highest correlation with the discriminant function among the large-scale predictors (Table 8 ). The discrimination that results from vertical wind shear in the Atlantic is mainly related to the high shear (.10 m s 21 over 850-200 hPa) cases, not the typical low-to-moderate shear cases. In contrast, for the EPAC the correlation of vertical wind shear with the discriminant function is much lower than the correlation of all of the other large-scale predictors with the discriminant function (Table 9) . Vertical wind shear is not a significant discriminator in the EPAC, and it is not a dominant discriminator in the Atlantic either.
Discussion
Studies using composite fields and differences in group means to distinguish between developing and nondeveloping disturbances (e.g., Gray 1968; McBride and Zehr 1981) could not determine the variance of the environment predictors. The within-group variation of predictor values is greater than the differences between the developing PRE and nondeveloping CONV group means for all predictors considered. Thus, the influence of the environment on tropical cyclogenesis is probabilistic, not deterministic. In fact, even at high (70th-90th) percentiles of developing PRE predictor values there can be more nondeveloping CONV individual cases than developing PRE individual cases due to the much larger sample size of the nondeveloping CONV subset compared with the developing PRE subset. Understanding and predicting genesis is complicated by the wide range of environmental conditions in which it occurs. The parametric prediction method is useful to quantify which fields are most critical to tropical cyclogenesis.
An alternative interpretation of the large variance of predictor values is that the ERA-40 is not able to depict the developing PRE and/or the nondeveloping CONV VM, or their large-scale environments, realistically. An open question remains: given the previous literature emphasizing the importance of large-scale control for tropical cyclogenesis, why is there this much variation in the large-scale predictors derived from large-scale analysis and reanalysis? The answer to this question has implications for understanding tropical cyclogenesis and the usefulness of the large-scale analysis and reanalysis, as well as climate models, for studying tropical cyclogenesis.
In this study disturbances have been tracked as VM rather than cloud clusters. The values of DGP found for nondeveloping VM in this study are much larger than those obtained previously by McBride and Zehr (1981) for western North Pacific and west Atlantic cloud clusters. In McBride and Zehr (1981) (Tables 3 and 4 ). The DGP has been calculated over the same spatial area here as in McBride and Zehr (1981) . The DGP for the nondeveloping CONV subset is higher than for cloud clusters in part because of tracking vorticity maxima rather than cloud clusters. Cloud clusters may or may not be embedded in cyclonic environments, and it is possible that many of the clusters included in the composite of McBride and Zehr (1981) [and the discriminant analysis of Perrone and Lowe (1986) and Hennon and Hobgood (2003) ] are not associated with distinct vorticity maxima. In contrast, developing PRE cloud clusters are more likely to be associated with vorticity maxima. For the developing VM cases, the DGP here agrees well with the DGP for cloud clusters found by McBride and Zehr (1981) . Nevertheless, the use of vorticity maxima tracks instead of cloud cluster tracks does not appear to fundamentally affect the overall discrimination and predictive skill obtained using large-scale analysis and reanalysis, and incorporating the bulk satellite-derived predictors results in only marginal improvement.
A disadvantage of tracking VM is that most of them are not associated with deep convection. By requiring that nondeveloping CONV VM have over 10% of the 78 radius circle surrounding them covered with cloud tops below 270 K, many of the nondeveloping VM samples in the Atlantic (EPAC) are immediately eliminated from the 97 low-level developing and 615 nondeveloping VM tracks, leaving 55 developing PRE VM tracks and 248 nondeveloping CONV tracks passing through the region of interest. A similar elimination could be done by tracking cloud clusters and eliminating those without strong vorticity in large-scale analysis.
One of the most surprising results is that vertical wind shear magnitude is higher for the developing PRE subset in the EPAC. Furthermore, most of the discrimination provided by vertical shear in the Atlantic is at high (.10 m s 21 over 850-200 hPa) shear values, but most developing and nondeveloping disturbances with significant convective activity occur in environments of low-to-moderate shear (,10 m s 21 over 850-200 hPa). The shear magnitude is higher for developing PRE VM in the EPAC than nondeveloping CONV VM in the EPAC because the shear is easterly for EPAC nondeveloping CONV VM, but it is even more easterly for EPAC developing PRE VM. Many previous studies have focused on the magnitude of the shear vector, but the vector magnitude does not account for differences in the direction of the shear vector. The direction of shear, in combination with the storm motion, has a significant effect on the spatial distribution of rainfall and convection of a mature tropical cyclone (Lonfat et al. 2004; Chen et al. 2006) . Shear direction and motion probably have a large effect on weaker disturbances as well . Understanding how vertical shear and disturbance motion influence the distribution and organization of convection is not only relevant for forecasting genesis but also for day-to-day forecasting in the tropics.
The large-scale and satellite-derived predictors are correlated with each other to a large extent. For example, a large area of deep convection is likely to be associated with strong low-level convergence, upper-level divergence, and anomalously high midlevel moisture. Adding new predictors improves the overall discrimination only to the extent that the new predictors are not well correlated with the previously used predictors. The correlation of the bulk satellite-derived predictors with the large-scale predictors may explain why adding the bulk satellite-derived predictors only marginally improves the predictive skill. Nevertheless, it is not clear why the satellite-derived bulk predictors by themselves give such little discrimination in the Atlantic as compared with the EPAC.
Conclusions
Large-scale environment predictors that discriminate between developing PRE VM and nondeveloping CONV VM include DGP, VO925, DIV925, DIV200, SH, and Q_MID. VO925 contributes the most discrimination in both the EPAC and Atlantic. In the EPAC, the second most important predictor is DIV200. In the Atlantic, the second most important predictor is Q_MID. Vertical wind shear magnitude (SH) is the fourth most important predictor in the Atlantic but the least important predictor in the EPAC.
In the EPAC developing PRE VM have slightly greater median vertical shear than nondeveloping CONV disturbances. Vertical shear magnitude is greater for developing VM because the median shear vector is easterly for nondeveloping CONV VM and more easterly for developing PRE VM. In the Atlantic the nondeveloping CONV shear vector is westerly and the developing PRE shear vector is nearly zero. In both the Atlantic and EPAC the anomalously easterly shear vector for developing PRE VM is associated with greater easterly zonal shear to the south of the VM center. By themselves, the satellite-derived predictors give significant discrimination in the EPAC but not in the Atlantic. Furthermore, in the EPAC combining the satellite-derived predictors with the large-scale predictors results in greater skill than using only the largescale predictors. However, in the Atlantic, combining the satellite-derived predictors with the large-scale predictors does not result in significantly greater skill than using only the large-scale predictors.
There is more overall predictive skill in the EPAC than the Atlantic. The skill scores obtained for the Atlantic do not appear to be fundamentally different from Hennon et al. (2005) , who used a nonlinear classification scheme and tracked disturbances as cloud clusters. However, greater skill can be obtained in the EPAC than in the Atlantic.
Enhanced probability of tropical cyclogenesis is associated with favorable large-scale conditions. Enhanced genesis probability is also associated with greater cold cloud area and raining area, especially in the EPAC. Whether, when, and where tropical cyclogenesis occurs for an individual case is probably affected by the specific location of convection relative to the large-scale disturbance and/or the properties (i.e., intensity, area, and rain production) of the individual convective systems. The large-scale environment, cold cloud area, and rain area can be used to determine probabilistically how likely tropical cyclogenesis is but not deterministically whether it will occur.
A study is under way using the TRMM precipitation radar (PR) in hopes of finding differences in the intensity, area, and rain production of the individual convective systems that can be used to further discriminate between developing PRE and nondeveloping CONV VM.
